A simple and reliable high-performance liquid chromatographic (HPLC) assay was developed for a simultaneous determination of isoline, a potent hepatotoxic pyrrolizidine alkaloid, and its two major metabolites, namely M1 (bisline) and M2 (bisline lactone, a new pyrrolizidine alkaloid). The latter two metabolites were produced during in vitro metabolism of isoline by rat and mouse microsomal enzyme systems. The analysis was conducted by a direct injection of aliquots of supernatant of the microsomal reaction mixture treated with the equal volume of ice-cold methanol onto a conventional reversed-phase analytical column (150 x 4.6 mm). The analytes were separated by a gradient elution with mobile phases A (0.01M dihydro.potassium phosphate, pH 4.8) and B (acetonitrile). The assay has shown excellent precision and accuracy with less than 10% of overall intra-and interday variations and higher than 94% of overall accuracy. The developed HPLC method was successfully applied for the determination of the intact isoline and its two pH. and thermally labile metabolites produced in rat and mouse liver microsomal incubations.
Introduction
Isoline is a major retronecine-type pyrrolizidine alkaloid found in Ligularia duciformis (C. Winkl.) Hand.-Mazz., an expectorant, and antitussive agent in Chinese traditional medicine (1) . Few studies had been found about its metabolism and toxicity until a recent investigation was conducted in our research laboratories.
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toxins, and many of them are hepatotoxic to humans and livestock (2, 3) . To date, there has been a considerable number of investigations on the metabolic characterization and hepatotoxicity of retronecine type, as well as other types, of PAs. The hepatotoxicity of these PAs mainly depends on their metabolic bioactivation by hepatic cytochrome P-450, leading to chemically reactive pyrroles (dehydro-PAs) (4--6). The alternative metabolic routes, including ester hydrolysis by esterase and N-oxidation by both cytochrome P-450 (CYP-450) and flavine-containing monooxygenase (FMO), appear to be detoxification mechanisms (7) . However, compared with extensive researches of CYP-involved metabolic pathways, the detoxification pathway made by esterase hydrolysis was poorly reported (8) . Interestingly, a novel detoxification pathway of isoline by esterase was observed in rat and mouse liver microsomal incubation, and two major metabolites, M1 (bisline) and M2 (bisline lactone), have been unequivocally identified ( Figure 1 ). Furthermore, isoline showed far higher hepatic injury than bisline in the toxicity test in vivo. The results demonstrated that hepatic esterase(s) plays a key role in the detoxification against isoline-induced hepatotoxicity. A few high-performance liquid chromatography (HPLC) methods for the determination of metabolites of PAs had been reported, especially an HPLC assay for simultaneous analysis of some hepatotoxicity-related metabolites such as DHR and its Reproduction (photocopying) of editorial content of this journal is prohibited without publisher's permission.
GSH conjugates (9, 10) . Similarly, almost all analyses were performed on a PRP-1 column. In our present study, however, two major metabolites and their intact PA-isoline were simultaneously qualified by a conventional HPLC method. As a result, this method has been successfully applied to analyze isoline and its two major metabolites generated in rat and mouse liver microsomal incubations.
Experimental

Chemicals and materials
Isoline was isolated from Ligularia duciformis (C. Winkl.)
Hand.-Mazz. Its purity was above 99% by thin-layer chromatography (TLC), HPLC, and NMR analyses. M1 and M2 were isolated from the resultant mixture of scale-up incubation of rat liver microsomes with isoline as substrate. DHR and dehydroisoline were synthesized from retronecine and isoline, respectively, according to the method of Mattocks et al. (11) . The purity and identity of the isolated metabolites and other authentic samples were determined by UV, IR, mass spectrometry (MS), and NMR spectroscopic analyses. The detailed metabolism of isoline and preparation and identification of two major metabolites will be reported separately. Acetonitrile and methanol were of an HPLC grade and from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All other chemicals and solvents were also purchased from Wako Pure Chemical Industries, Ltd.
Apparatus and H PLC conditions
HPLC analyses were performed on a Tosoh HPLC system (Osaka, Japan) consisting of two CCPM-2 pumps, a IN 8020 detector, an AS-8020 autosampler, an online degasser, and a Shimadazu C-RSA (Kyoto, Japan) date processor. The column configuration consisted of a TSK gel ODS-80Ts reversed-phase column (150 • 4.6-ram i.d., 5 ,m, Tosoh Co.) and a precolumn (RP-18, 5 ram, E. Merck Co., Whitehouse Station, N J) at the ambient temperature. The analytes were separated by a gradient elution with mobile phases A (0.01M KH2PO4, pH 4.8) and B (acetonitrile) as follows: at the initial 0-5 rain, 100% A; at 5-35 min, linear change from 100% to 85% A; at 35-50 rain, from 85% to 65% A; and maintained for 10 rain. The flow rate was kept constant at 1.0 mL/min. The eluent was detected at 220 nm.
Calibration curves
A stock solution of isoline was prepared as follows: 19.8 mg of isoline was suspended in distilled water, 0.4 mL of 0.2M HC1 was added to make it resolvable, and then dropwise 0.2M of NaOH until the solution began to blur slightly (pH 6.5). Distilled water was added to 5 mL to get standard stock solution of isoline. Stock solutions of M1 and M2 (each 10mM) were prepared by dissolving in a small volume of methanol, followed by the appropriate dilution with phosphate buffer (mobile phase A was acidified to pH 4 with phosphate acid). All stock solutions were stored at -20~ until used.
For the calibrations, aliquots of the three stock solutions were spiked into the resultant mixture after a typical incubation in the absence of substrate to give a final volume of 200 mL and appropriate concentrations. The solutions were then extracted with the equal volume of ice-cold methanol, mixed thoroughly, and centrifuged at 10,000 xg for 30 rain at 4~ Aliquots of the supernatant were subjected to HPLC analysis after filtered by a 0.45-1Jm microdisc (Ekicrodisc 3, 3 ram, Gelman Sciences, Ltd., Tokyo, Japan). A calibration curve of each analyte was constructed with more than five concentrations in triplicate by plotting concentration as a function of peak area (Table I) .
Accuracy and precision
The accuracy and precision of the developed assay were determined by the intra-and interday variations of isoline, M1, and M2 with three concentrations at low, medium, and high levels of the three corresponding calibration curves. Known quantities of three analytes were spiked into the reaction mixture after a typical incubation in the absence of substrate. The resultant sample was centrifuged and analyzed by the described HPLC method. The quantity of each analyte was determined from the corresponding calibration curve through the corresponding peak area. The precision was measured by the relative standard deviation (RSD) and the accuracy by the percentage difference between the determined and spiked amount of each analyte. Samples at each given concentration were analyzed in triplicate for intraday variation and on three separate days for interday reproducibility.
Limits of detection (LOD)
Aliquots of analytes were spiked into the incubated mixture to provide a concentration lower than 0.025raM. The samples were treated and analyzed in the same manner as described in 'the Calibration Curves section. The LOD for each analyte was determined when the signal-to-noise ratio of the testing peak was greater than 3. Microsomal incubation and quantitation of metabolites Male Sprague-Dawley rats (body weight 240-280 g) were purchased from SLC Company (Hamamatsu, Japan) and bred at the Experimental Animals Service Center of Toyama Medical and Pharmaceutical University on a 12-h light/dark cycle in a temperature-and humidity-controlled room for 1 week prior to the experiments. For preparation of microsomes, animals were starved for 12 h before treatment. Microsomes were prepared by a standard two-step centrifugation procedure and finally resuspended in an ice-cold 0.1M potassium phosphate buffer (1:2 of volume/liver weight, pH 7.4) containing 20% glycerol and 0.1raM EDTA and stored at --80~ until use. Protein contents were determined using a modified Lowry method (12) . A typical microsomal incubation mixture (200 mL) consisted of a reduced nicotinamide adenine dinucleotide phosphate (NADPH)-generating system, liver microsomes (0.48 mg of protein), and 1raM isoline substrate in potassium phosphate buffer (0.1M, pH 7.4). Incubation was performed at 37~ for 60 rain and terminated by cooling in an ice-water bath. The resultant mixtures were subjected to the same treatment as described in the Calibration Curves section. Quantities of each metabolite and the remaining isoline were determined from the corresponding calibration curves. 
Stability test
The stability of each metabolite of isoline generated from rat microsomal incubation was determined. Incubated samples were added to the equal volume of ice-cold methanol, mixed well, and centrifuged at 10,000 xg for 30 min at 4~ the supernatant was divided into three portions. One portion was stored at ambient temperature, another kept in ice water, and the third stored at -20~ until analysis. Each sample in all three portions was subjected to HPLC analysis in triplicate at intervals for more than 50 h after termination of the incubation. Furthermore, the stability of samples with the alteration of pH value was also tested at ambient temperature.
Results and Discussion
The representative HPLC chromatograms of the spiked and incubated sample are shown in Figure 2 . The developed HPLC method has been validated extensively. The continuous analyses of the same incubation sample for five times showed a good repeatability, with variations of all three analytes less than 5%. A good reproducibility of all analytes was also demonstrated, with overall intra-and interday variations less than 10%, and acceptable precision was also demonstrated, with overall accuracy higher than 95% for M1, 94% for M2, and 96% for isoline, respectively (Table II) . The LODs were determined to be 0.0111mM (3.94 lJg/mL) for M1, 0.0137mM (4.85 IJg/mL) for M2, and 0.0124mM (4.89 lJg/mL) for isoline, respectively, which provided sufficient sensitivities for the determination in our present study.
The present study has found that the two major metabolites from isoline were pH-and thermally labile and could be interconversed. The stability tests show that at physiological pH, all 3 compounds are stable at 0~ (ice-water bathing) for at least 24 h and at -20~ for at least 48 h. Moreover, the interconversion can be inhibited completely at a low pH value. At pH 4, M1 and M2 showed very good repeatability during 24 h (RSD of area response for each peak was 2.09% and 2.64%, respectively), but rapidly degraded to other unknown peaks at pH 10. Therefore, in the present study, M1 and M2 standard solutions were prepared at a pH value ranging from 4 to 5 (see the Experimental section), and all samples, including incubated mixtures and standard solutions, were kept in ice-water bathing for intraday analysis and at -20~ for interday analysis.
Usually, most researchers use a PRP-I column packed with styrene-divinylbenzene resin for analysis of PAs because of its wide pH range (9, 10) . However, there are several demerits for using it, such as it is more expensive and has relatively lower column efficiency, leading to broad peak shape, than those of a conventional reversed-phase columns. In the present study, we use a conventional reversed-phase column, as the analytical column and a short RP-18 column as the guard column. Moreover, the mobile phase system was optimized to be a gradient elution with acetonitrile and phosphate buffer (pH 4.8, 0.01M), which slight acidity not only increases the life of the silica-based column, but also guarantees the stability of pH-labile metabolites during the analysis. Under this condition, each peak of three analytes was sharp and very well resolved, with at least baseline separation. In addition, all three calibrations for isoline, M1, and M2 exhibited good linear regressions (Table I) .
The developed HPLC assay was successfully applied to a simultaneous determination of isoline and its two major metabolites generated in rat and mouse liver microsomes under in vitro conditions (Table III) . The identification of metabolites was confirmed by a direct comparison of HPLC retention time and TLC profile with each standard compound. By using this established method, the metabolic pathway of isoline in vitro was plotted, and the metabolism of isoline, clivorine, and monocrotaline was compared with rat and mouse liver microsomes, further with phenobarbital-treated (PB-treated) and untreated microsomes, respectively (Table  IV) . These results indicated that isoline was more rapidly metabolized by both rat and mouse microsomes than clivorine and monocrotaline, and all three PAs were metabolized more completely by mouse liver microsomes than by rat ones. Moreover, all three PAs can be transformed by PB-treated rat microsomes more rapidly and completely than untreated ones after 60-min incubation. The major enzymes responsible for M1 and M2 formation were confirmed to be hepatic esterase(s) in liver microsomes (date not shown), which should greatly contribute to detoxification of isoline in the liver (3). It is also noteworthy that the total amount of metabolites and isoline remaining in the PB-treated microsomal incubates showed a decrease in comparison with that in the control in Table III . Moreover, the former incubated sample also showed an additional small peak at 20.7 rain in the HPLC chromatogram, as compared with those untreated or control microsomal incubates as seen in Figure 2 , and the retention time of the small peak is identical with that of the prepared DHR (a common secondary pyrrole metabolite of many hepatotoxic PAs by CYP-450-dependent oxidation). These evidences suggested that CYP-450 enzymes might be involved in metabolism of isoline, but to an insignificant extent in our in vitro microsomal incubation systems. Further investigation of microsomal metabolism of isoline related to CYP is currently in progress in our laboratories.
